Pharmacological and physiological phenomena suggest that cells somewhere inside the central nervous system are responsive to aldosterone. Here, we present the fundamental physiological limitations for aldosterone action in the brain, including its limited blood-brain barrier penetration and its substantial competition from glucocorticoids. Recently, a small group of neurons with unusual sensitivity to circulating aldosterone were identified in the nucleus of the solitary tract. We review the discovery and characterization of these neurons, which express the enzyme 11␤-hydroxysteroid dehydrogenase type 2, and consider alternative proposals regarding sites and mechanisms for mineralocorticoid action within the brain. sodium deficiency; glucocorticoids; mineralocorticoids; nucleus of the solitary tract; blood-brain barrier; 11␤-hydroxysteroid dehydrogenase SODIUM IS A UBIQUITOUS ION of paramount importance for many physiological functions. Tight regulation of the amount and concentration of sodium in the body is necessary for life and indispensable for growth and is achieved by the coordinated activities of neural and endocrine control systems. From the promotion of sodium reabsorption in the kidney to the regulation of sodium appetite in the brain, an intricate network of regulatory systems maintains body sodium balance.
SODIUM IS A UBIQUITOUS ION of paramount importance for many physiological functions. Tight regulation of the amount and concentration of sodium in the body is necessary for life and indispensable for growth and is achieved by the coordinated activities of neural and endocrine control systems. From the promotion of sodium reabsorption in the kidney to the regulation of sodium appetite in the brain, an intricate network of regulatory systems maintains body sodium balance.
Aldosterone is a key player in this control network, although traditionally it was considered simply an endocrine mediator for enhancing sodium reabsorption across certain epithelia. Now it is known that this hormone can influence nonepithelial tissues, including the brain, where it may promote short-term physiological and behavioral adaptations in response to lowsodium conditions as well as chronic, maladaptive responses in pathophysiological states (29) .
Over the past few decades, various sites of aldosterone action within the central nervous system (CNS) have been proposed or presumed with very little evidence. In this review, we highlight a series of recent investigations leading to the discovery and characterization of the first cells in the brain with established sensitivity to aldosterone.
SEARCH FOR ALDOSTERONE-SENSITIVE CELLS IN THE BRAIN
Central mineralocorticoid phenomena. Five years ago, we initiated a search for aldosterone-sensitive neurons in the brain. Our interest in this topic stemmed from the possibility that aldosterone and other mineralocorticoid receptor (MR) agonists elevate blood pressure by acting directly within the CNS. A central pressor action of aldosterone was suggested by the finding that small doses (ineffective when infused systemically) could elevate blood pressure after chronic infusion into the cerebral ventricles (69, 95 , but see Ref. 112) . Conversely, central administration of an MR antagonist can block the central pressor effect of aldosterone (73) , transiently reduce blood pressure in normotensive rats (143, 173) , and attenuate the hypertension produced by chronic high-dose mineralocorticosteroid infusions (92, 172) or a high-sodium diet in Dahl salt-sensitive rats (72) . Interestingly, psychological stress appears to play a major role in these cardiovascular effects, because, in some experiments involving central MR manipulation, cardiovascular effects appear only when blood pressure is recorded in restrained animals (tail-cuff measurement), and not in unrestrained, freely moving animals (34, 171) .
In addition to blood pressure, salt intake is increased by aldosterone and other MR agonists (46, 48, 146, (182) (183) (184) . In rats, exogenous mineralocorticoids can stimulate sodium appetite with high selectivity relative to other hormones, such as angiotensin II, which nonselectively increase the ingestion of water and salt (for review see Ref. 62) . Conversely, MR antagonists can reduce sodium appetite (47, 152, 166, 170) . Aldosterone has been reported to influence other behavioral and autonomic functions as well, including mood, appetite, exploratory behavior, and baroreceptor function (36, 82, 124, 175, 177, 187) .
Hypothesized site(s) of action for aldosterone in the brain. Despite these well-documented phenomena, very little was known about the site(s) of action of aldosterone inside the brain until recently. The aforementioned observations suggest that aldosterone-sensitive cells, possibly neurons, exist somewhere inside the brain, at a site that is relatively accessible to circulating aldosterone. In adrenalectomized weanling rats, large doses of radiolabeled aldosterone or corticosterone revealed binding sites in a variety of brain regions (14) , later corroborated by the identification of widespread mRNA expression for the MR (9) . Some investigators predicted that aldosterone target cells would be found in the so-called anteroventral third ventricular (AV3V) region of the hypothalamus (70) because of this region's importance in thirst and salt-sensitive hypertension (17) . Until recently, however, the location(s) and identity of aldosteronesensitive brain cells remained purely speculative.
ROADBLOCKS TO THE IDENTIFICATION OF ALDOSTERONE-SENSITIVE CELLS IN THE BRAIN
Poor penetration of the blood-brain barrier. One basic and often-ignored roadblock to identifying aldosterone-sensitive brain cells is aldosterone's surprisingly poor penetration of the blood-brain barrier (BBB) (49, 136, 138) . Despite its lipophilicity, the marginal brain penetration of aldosterone and certain other steroids (Fig. 1) is due, at least in part, to a protein transporter situated within the BBB, mdr1 (also known as P-glycoprotein), which pumps certain substrates back across the cerebral vascular endothelium and into the blood (139, 167, 168) . In vitro, aldosterone binds avidly to the MR in brain tissue homogenates (13, 14, 27, 106) , and it does cross the BBB in detectable amounts (188, 191) . Also, infusion of large systemic doses of radiolabeled aldosterone can produce nuclear labeling in the MR binding sites left vacant throughout the brain by eliminating competition from endogenous corticosteroids (14, 15) . However, relative to endogenous corticosterone, the brain contains minute amounts of aldosterone (188, 191) . When its uptake and MR binding are compared between the brain and other organs, or with the brain uptake and MR binding of another ligand (corticosterone), the substantially reduced BBB penetration of aldosterone is readily apparent (49, 135, 137, 188) .
A direct consequence of aldosterone's limited BBB penetration is that the vast majority of cells in the brain are exposed to only a small fraction of its typically subnanomolar concentration in the blood plasma. This limitation, which compounds aldosterone's already uphill battle against other, more prevalent corticosteroids (see below), implies that if the brain does contain any aldosterone-sensitive cells, they are probably located in one of its few sites with an incomplete BBB.
MR occupation by other corticosteroids. Another major roadblock to identification of aldosterone-sensitive cells in the brain stems from the fact that the MR binds with high affinity to multiple adrenal corticosteroids, not just aldosterone (13, 106, 145, 157) . A wide variety of sites throughout the brain express the MR, but, in the vast majority of these cells, adrenal glucocorticoids are its primary occupants. Similar to aldosterone, which circulates at nanomolar and subnanomolar concentrations, corticosterone (in rodents) and cortisol (in humans) bind the MR with subnanomolar affinity, yet they circulate at 1,000-fold higher (micromolar) concentrations. In vitro experiments suggest that the aldosterone-MR interaction is 10-fold more potent in stimulating transcriptional changes (9), but even after accounting for Ͼ90% plasma protein binding, free glucocorticoid concentrations remain 100-fold higher. Thus the vast majority of MRs are occupied by glucocorticoids, making the vast majority of MR-expressing cells effectively blind to the relatively small fluctuations in the concentration of aldosterone within its physiological range.
The degree to which this glucocorticoid-predominant occupation of the MR causes receptor activation under various conditions is a separate issue (51) , as are the unexplored species differences related to the greatly reduced BBB penetration of cortisol (the primary glucocorticoid in humans) relative to corticosterone (Fig. 1) . For the purposes of the present review, the most important implication of this arrangement is that mere identification of the expression of the MR, (136, 138) . Using the Oldendorf technique (132), they observed that reduced brain uptake of certain steroid hormones was associated with their increased molecular polarity, as reflected by the hydrogen bonding number, as shown in A, where n is the sum of 2 per -OH (hydroxyl) group and 1 per ϭO (ketone) group (in solution, aldosterone exists in equilibrium between 2 states: a predominant hemiacetal with n ϭ 6 and an 18-aldehyde with n ϭ 7). B: only a small fraction of labeled aldosterone (n ϭ 6 -7) or cortisol (n ϭ 8) enters the brain, whereas corticosterone (the primary glucocorticoid in rodents; n ϭ 6) exhibits substantial penetration of the BBB. "Brain uptake index" of 100% represents BBB penetration of a freely diffusible reference molecule, butanol (138) . C: brain uptake of aldosterone [disintegrations per minute (dpm) per gram] was low in every BBB-protected region tested. L, inferior and superior colliculi; T, thalamus and hypothalamus; C, caudate-putamen; H, hippocampus; F, frontal cortex; O, olfactory bulb (136) . [Reproduced with permission from Pardridge (135) and Pardridge and Mietus (136, 138).] particularly in the brain, does not tell us whether a cell is sensitive to aldosterone.
Aldosterone sensitivity, therefore, requires a mechanism that substantially decreases MR occupation by glucocorticoids, creating a window of opportunity for aldosterone (Fig. 2) . The fact that a compound in liquorice produces mineralocorticoidlike physiological changes by altering urinary glucocorticoid metabolism (163) , combined with a similar metabolic phenotype observed in patients with the heritable syndrome of apparent mineralocorticoid excess (162, 169) , led to the discovery that the indispensable mechanism for cellular aldosterone sensitivity is the enzymatic oxidation of glucocorticoids (corticosterone and cortisol) to inactive 11-oxo metabolites (11-dehydrocorticosterone and cortisone) (42, 52) . This paradigm-shifting development suggested that aldosterone-sensitive cells could be identified unambiguously by colocalization of MR expression with whatever enzyme catalyzes this reaction.
HSD1 vs. HSD2. Initially, some confusion arose because of the assumption that a previously identified liver enzyme, now known as HSD1, mediates the 11-dehydrogenation of glucocorticoids in vivo (2, 42) . This assumption was based on the in vitro, low-affinity 11-dehydrogenase activity of HSD1 in tissue homogenates (108, 144) . "Dehydrogenase" turned out to be somewhat of a misnomer, because in vivo this enzyme mediates the reverse reaction (11-oxidation), mediating the reactivation of inactive metabolites into potent glucocorticoids (104, 144) . The expression and in vitro activity of HSD1 were identified in a variety of tissues, including virtually every region of the brain, where its existence was interpreted as evidence for a large array of potential target sites for aldosterone (93, 109, 122, 123) .
However, the existence of HSD1 in brain sites such as the hippocampus seemed at odds with previous data showing a lack of 11-dehydrogenase activity and a lack of MR selectivity for aldosterone in tissue from this region (42, 52) . Subsequently, Naray-Fejes-Toth and others (121, 126, 128, 129) demonstrated the existence of a separate enzyme, with cofactor requirements and kinetics that closely matched the high-affinity 11-dehydrogenase activity identified in the kidney. This enzyme, termed HSD2, was isolated, cloned in multiple species, and found to be necessary for reducing intracellular glucocorticoid levels in aldosteronesensitive epithelia (3, 103, 126) .
HSD2 in developing and adult rat brains. Armed with the knowledge that HSD2 is the key to identifying which MRexpressing cells are aldosterone-sensitive, the expression of this enzyme was mapped in developing and adult animals (18, 20, 28, 37, 149, 194) . These initial efforts produced disparate results for a variety of reasons, including low-resolution tissue sampling, probes designed against mRNA from separate species (149), large-scale changes in HSD2 expression during embryonic and neonatal development (37, 148) , and, possibly, intrinsic species differences as well.
Some initial reports failed to detect HSD2 expression anywhere in the brain (20, 28, 149) . Using a more sensitive and species-appropriate probe and examining a full series of tissue sections throughout the brain, however, Roland and colleagues (150) showed that, in the rat brain, HSD2 is expressed in a select few sites: the nucleus of the solitary tract (NTS), the subcommissural organ, and the ventromedial nucleus of the Fig. 2 . In most mineralocorticoid receptor (MR)-expressing cells (A), the primary ligand is corticosterone or cortisol (both designated "CORT"). These glucocorticoids circulate in the blood plasma at 1,000-fold higher concentrations than aldosterone (ALDO). This systemic imbalance between CORT and ALDO is further exaggerated in the brain, at least in rodents, where only a minute fraction of circulating aldosterone penetrates the BBB (49, 136, 138) . Thus, in most MR-expressing cells, basal occupation of this receptor by glucocorticoids prevents the binding of aldosterone, which despite an equivalent binding affinity, may be 10-fold more potent in producing transcriptional activation once it is bound to the MR (9) . In contrast, cells that express 11␤-hydroxysteroid dehydrogenase type 2 (HSD2; B) can convert a large fraction of intracellular CORT to an 11-oxo metabolite with greatly reduced MR-binding affinity. Aldosterone is not a substrate for HSD2, so this mechanism confers cellular sensitivity to physiological concentrations of this hormone. HSD2 is only a partial filter, leaving a significant amount of unaltered corticosterone able to bind the MR (49, 54), probably because of its greater affinity for the MR (Km Ͻ1 nM) than HSD2 (Km ϳ10 nM in rat).
hypothalamus (Figs. 3 and 4) . In embryos and neonatal animals, subsequent investigators observed strong expression of HSD2 mRNA in a number of other sites (18, 37, 59, 127, 148) . This widespread developmental pattern of HSD2 expression in the brain becomes restricted to just a few small populations of cells in adult rats (148, 150) and, possibly, to just the NTS in mice (84, 85) .
Despite the identification of HSD2-expressing brain sites, much confusion remained as to which, if any, cells in the adult brain are aldosterone-sensitive. One study (148) reported weak labeling for HSD2 in a handful of brain sites (locus ceruleus, dorsal raphe, thalamus, and amygdala), where it was not detected in prior or subsequent mapping studies (85, 150) . More importantly, no attempt was made in any of these studies to colocalize MR in HSD2-expressing cells. In fact, multiple investigators speculated, on the basis of prior data, that no MR was present in most or all of these sites; they concluded, instead, that HSD2 may simply dampen activation of the glucocorticoid receptor (GR) in these cells (29, 37, 148, 150, 154) .
DISCOVERY OF ALDOSTERONE-SENSITIVE NEURONS IN THE NTS
The search renewed. Our approach began with a reanalysis of the cellular distribution of MR protein throughout the CNS (55) . Reflecting the well-known difficulty in generating an MR antibody with reasonable sensitivity and selectivity (66) , previous attempts at mapping MR-like immunoreactivity in the brain (4, 5) corresponded rather poorly with the established pattern of mRNA expression (9) . After finding similarly dissimilar, nonspecific, or absent labeling with a variety of commercially available anti-MR antisera, we obtained an antiserum generated in the laboratory of Mitsuhiro Kawata with high selectivity for MR vs. GR; this antiserum produced labeling in the hippocampus that closely approximated the known pattern of mRNA expression (90) .
Using the Kawata antiserum, we found particularly intense nuclear MR in the indusium griseum, mixed nuclear-cytoplasmic labeling in the hippocampus, and moderately elevated labeling in a number of other sites, including the supraoptic, paraventricular, and arcuate nuclei of the hypothalamus, cerebellar Purkinje cells, and all brain stem motor nuclei, similar to the locations of MR mRNA identified by in situ hybridization (9, 15, 65) . Contrary to earlier predictions (70), we did not find evidence for elevated MR expression in the AV3V region of the hypothalamus relative to the low-level cytoplasmic labeling in neurons throughout the brain (55) . In general, virtually every neuron in the brain exhibited a mild-to-moderate degree of cytoplasmic, reticulated MR-like immunoreactivity (for examples, see nonnuclear labeling outside HSD2 neurons in Figs One group of cells, however, stood out from the rest because of their dense nuclear immunolabeling. In the brain stem, we found a small cluster of MR-immunoreactive nuclei in the caudal NTS (55) . This caudal, medial region of the NTS had been noted to exhibit MR mRNA hybridization in a previous study (9) , so we hypothesized that the nuclear pattern of immunoreactivity here marked actual MR protein within a novel population of aldosterone-sensitive cells.
In retrospect, this initial observation was somewhat serendipitous: on further inspection, animals with minimal or undetectable aldosterone levels do not exhibit this pattern of dense nuclear MR immunoreactivity (54) . The brain sections in which these nuclei were initially found were taken from rats that had been anesthetized and perfused immediately on arrival from an animal supplier, suggesting that they were somewhat hypovolemic (with elevated aldosterone production) after many hours in transit.
NEURONS FORMING A SMALL SUBPOPULATION OF THE NTS ARE ALDOSTERONE-SENSITIVE AND ALDOSTERONE-SELECTIVE
As discussed above, the first step in determining whether a group of MR-expressing cells might be aldosterone-sensitive is to test whether they also express HSD2. Immunofluorescence staining for HSD2 in the NTS revealed abundant cytoplasmic labeling surrounding the nuclear-concentrated MR immunoreactivity in the same subpopulation of cells ( By revealing their characteristic dendritic morphology (Figs. 5 and 6), HSD2 immunolabeling also revealed that these cells are neurons, not glia. Interestingly, their cell bodies and dendritic arbors occupy a subregion of the NTS with a diminished BBB extending ventrally beneath the area postrema (16, 79) . This location may afford them more exposure to circulating aldosterone than other MR-expressing cells in the CNS, potentially explaining the ability of this hormone to exert central effects, despite its poor penetration of the BBB.
After colocalization of the MR and HSD2 in these putative aldosterone-sensitive neurons, it became of interest whether they would exhibit any functional response to circulating aldosterone. The pronounced nuclear translocation of steroid receptors in response to agonist binding (44, 90) allowed us to address this question using a simple morphological assay. After rats were adrenalectomized (to eliminate endogenous corticosteroid production), very few HSD2-expressing neurons in the NTS contained nuclear-concentrated MR. In contrast, in animals infused with aldosterone (with or without corticosterone), the percentage of HSD2 neurons with nuclear-localized MR was greatly elevated relative to that in animals treated with vehicle or corticosterone alone (Fig. 7) .
In these experiments, a dose of aldosterone was selected to produce plasma concentrations (average ϳ75 ng/dl produced by 36 g/day minipump infusion) between baseline levels and the amounts stimulated by dietary sodium deprivation in rats (100 -300 ng/dl) (38) ; in humans, these concentrations would be in the pathophysiological range (118) . The dose of corticosterone (subcutaneous 25% continuous-release pellets) was chosen to produce a plasma concentration (ϳ8,000 ng/dl) that is well within the physiological range for this hormone and ϳ100-fold higher than the aldosterone infusion; the reduced aldosterone concentrations of adult humans result in an aldosterone-to-cortisol ratio typically closer to 1:1,000 (6). Interestingly, although it did not significantly alter aldosteroneinduced nuclear translocation in these experiments, corticosterone produced a small, but significant, increase in MR nuclear translocation. This slight, residual effect of corticosterone in HSD2 neurons may be related to its higher affinity for the MR (K m ϳ1 nM) (157) than for HSD2 (K m ϳ10 nM in rat) (194) , whereas in cells without HSD2, much lower concentrations of corticosterone produce complete nuclear translocation of MR (44) . Thus our data confirmed that the HSD2 neurons in the NTS are selectively sensitive to aldosterone in vivo, at least in the binding and nuclear translocation of the MR.
Given that aldosterone gains access to the MR in these cells at physiological blood levels, the next logical question was: How does activation of the MR influence the activity of HSD2 neurons in the NTS? This question remains unanswered and largely unexplored. In hippocampal neurons tested in vitro, corticosterone and aldosterone produce a rapid, MR-mediated, nongenomic increase in the surface motility of synaptic glutamate receptors (GluR2), whereas corticosterone produces a delayed, GR-mediated genomic increase in surface expression of GluR2 and GluR1, coinciding with an increase in the amplitude of excitatory postsynaptic currents (78, 98) . The relevance of delayed, MR-mediated transcriptional changes to neuronal function is less clear, and whether these or other mechanisms influence the postsynaptic dynamics of the aldosterone-sensitive HSD2 neurons in the NTS is an important topic for future exploration.
We have not yet tested the effects of aldosterone concentrations throughout its full physiological range (in rodents, prolonged dietary sodium deprivation or hyperkalemia produces plasma aldosterone concentrations Ͼ200 ng/dl), but moderate, short-term elevations in plasma aldosterone concentration (ϳ40 -90 ng/day) do not increase the expression of one neuronal activity marker, c-Fos, in these neurons (J. C. Geerling, unpublished observations). If anything, lower doses slightly decrease the number of c-Fos-expressing HSD2 neurons in adrenalectomized animals (J. C. Geerling, unpublished observations), possibly as a consequence of the restoration of mineralocorticoid-dependent systemic sodium balance. Deoxycorticosterone, a less-potent MR agonist, produces a moderate increase in HSD2 neuron c-Fos activation when given in supraphysiological doses (2 mg/day for 7 days, a protocol used to stimulate sodium appetite) (54, 58) . The mechanism(s) by which MR activation may influence the functionality of HSD2 neurons in the NTS (or MR-expressing neurons in general) remains an important topic for future investigation. Nonetheless, these findings and the activation of HSD2 neurons in adrenalectomized rats (see below) (54) indicate that whether or not aldosterone is capable of independently stimulating HSD2 neurons to fire, it is only one of the input signals they integrate to produce their unique pattern of activity.
Functional activation of HSD2 neurons in the NTS. The HSD2 neurons in the NTS are the first phenotypically identified cells in the brain selectively activated in association with sodium deficiency. During dietary sodium deprivation, which is among the strongest physiological stimuli for aldosterone production (54, 61) , the HSD2 neurons are activated in association with sodium appetite (Fig. 8) . A variety of paradigms involving prolonged sodium deficiency and sodium appetite (dietary sodium deprivation, furosemide diuresis/natriuresis, and colloid-induced hypovolemia) produce a marked increase in nuclear c-Fos in these neurons. [c-Fos expression is a well-established indicator of neuronal activation (83, 151) .] Importantly, however, HSD2 neuron activation in response to sodium deficiency does not require aldosterone or any other corticosteroid; adrenalectomized rats still exhibit increased c-Fos activation in these neurons after dietary sodium deprivation (54) . Therefore, HSD2 neurons are not simple aldosterone detectors. Rather, they integrate multiple input signals associated with sodium deficiency. Besides aldosterone and various neural afferents (see below), these input signals remain to be discovered. One unexplored possibility is the sodiumand volume-sensitive hormone angiotensin II, for which receptor expression is abundant in this region of the NTS (120) .
Initially, we focused on linking the HSD2 neurons to cardiovascular control during high-aldosterone states, such as primary aldosteronism and end-stage liver disease. However, even though some neurons in the NTS play well-established roles in cardiovascular regulation, the HSD2 neurons are located outside the distribution of baroreflex neurons that exhibit c-Fos activation during arterial hypertension (23, 181) . Also, in contrast to numerous cardiovascular reflex neurons located in adjacent subnuclei of the NTS, the HSD2 neurons do not exhibit c-Fos activation, even after large decreases in blood pressure produced by hydralazine (J. C. Geerling, P. G. Guyenet, and A. D. Loewy, unpublished observations).
Instead, HSD2 neurons are situated within a subregion of the NTS that is innervated by subdiaphragmatic branches of the vagus nerve, which deliver information from the gut and related abdominal viscera (131) . Yet, in contrast to most other neurons in this region of the NTS, HSD2 neurons are not activated after ingestion or intraperitoneal injection of hypertonic saline (60, 61) . In fact, their activation during sodium deprivation or chronic mineralocorticoid treatment is abolished or attenuated by salt ingestion (58, 61) . Thus, on the basis of available data in rats, the aldosterone-sensitive HSD2 neurons in the NTS exhibit a Fig. 7 . Within HSD2 neurons in the NTS, nuclear translocation of the MR is sensitive to and largely selective for physiological concentrations of blood-borne aldosterone. Adrenalectomized rats were treated with vehicle, aldosterone (74.4 Ϯ 10.2 ng/dl), corticosterone (7,900 Ϯ 1,400 ng/dl), or corticosterone ϩ aldosterone. For each group, average percentage of HSD2-immunoreactive neurons (green) that exhibited dense, nuclear-filling MR immunoreactivity (red; nuclear MR represents activated receptors that have moved from the cytoplasm into the nucleus after agonist binding) is shown. Both aldosterone-treated groups exhibited a significant elevation relative to groups treated with vehicle or corticosterone alone, and addition of corticosterone to aldosterone did not produce significantly greater MR activation than aldosterone alone. Corticosterone alone produced a small, but significant, increase relative to vehicle. [Reproduced with permission from Geerling et al. (54) .] Fig. 8 . Aldosterone-sensitive HSD2 neurons in the NTS (green) are activated by chronic dietary sodium deprivation and then inactivated once salt is ingested. A: dramatic increase in percentage of HSD2 neurons expressing the neuronal activity marker c-Fos (red nuclear immunoreactivity) after 7 days of a sodium-free diet. B: virtual elimination of HSD2 neuronal activation (c-Fos immunoreactivity) when a sodium-deprived rat is switched to a high-sodium diet. C: progressive increase in percentage of HSD2 neurons exhibiting nuclear c-Fos immunoreactivity over 2-8 days of dietary sodium deprivation, paralleling a similar increase in sodium appetite (91, 164) . Their activation was consistently eliminated in groups of control rats that were fed sodium-deficient chow but then switched to high-sodium chow for 24 h. D: rapid reversal of HSD2 neuronal activation by salt ingestion, resulting in a near-total loss of c-Fos immunoreactivity just 2 h after a drinking tube containing 3% NaCl solution was provided to salt-hungry rats (after 8 days of sodium-free diet). [Reproduced with permission from Geerling et al. (54) .] unique and highly selective activity profile that appears to be specifically associated with prolonged sodium deprivation.
Input-output connections of HSD2 neurons in the NTS. In addition to modulatory information provided by aldosterone (and perhaps other blood-borne mediators), HSD2 neurons receive neural input from a variety of sources. Most HSD2 neurons receive a small proportion of their input from as-yetunidentified components of the vagus nerve (Fig. 9D) (159) . They are heavily targeted by descending axonal projections from the central nucleus of the amygdala (Fig. 9A) (56) , which is prominently involved in the regulation of sodium appetite (for review see Refs. 56, 62, 94) . HSD2 neurons are also among the many NTS neurons innervated by the paraventricular nucleus of the hypothalamus (Fig. 9B) (J. C. Geerling, J. W. Shin, P. C. Chimenti, and A. D. Loewy, unpublished observations). Locally, HSD2 neurons are targeted by a group of neurons in the dorsomedial NTS that express neurotensin and receive input from neurons in the overlying area postrema (Fig.  9, C and E) (155) . Presumably, these neural input connections are integrated with information from humoral modulators, including aldosterone, to shape the unusual activity profile of these neurons.
The output connections of HSD2 neurons are similarly unique and unexpected. Initially, we had anticipated that these aldosterone-sensitive neurons were involved primarily in the autonomic control of cardiovascular functions. However, despite hundreds of neural tracing experiments using traditional (monosynaptic) and viral (transneuronal) tracers, we were unable to find evidence for substantial efferent connections from these neurons to sympathetic and parasympathetic outflow sites in the hypothalamus, brain stem, spinal cord, and periphery (57) . Instead, as shown in Fig. 10 , the axons of HSD2 neurons extend to sites in the forebrain and forebrain-relay nuclei in the rostral brain stem, which have been implicated in behavioral changes related to sodium appetite (57, 62) , reward (156) , arousal (113) , and mood (32, 153) .
Their axons probably release the fast excitatory neurotransmitter glutamate, on the basis of the expression by HSD2 neurons of the transcription factor Phox2b, a selective marker for glutamatergic neurons in the NTS (Fig. 11) (53, 97) , and on the basis of the concurrent increases in neuronal activation in their efferent target neurons during dietary sodium deprivation (61) . It remains to be determined whether they express or corelease any other neuromodulators or synaptic transmitters. Besides their Phox2b expression, these neurons may represent a novel neuronal phenotype in the NTS, because HSD2 does not colocalize with a variety of other makers for peptidergic or monoaminergic neurons in this nucleus (55) .
Possible functions of the aldosterone-sensitive HSD2 neurons. HSD2 neurons in the NTS integrate a wide variety of neural and humoral stimuli and generate an output signal that is selectively associated with physiological sodium deficiency. They then deliver this information to a unique network of subcortical neurons in the rostral brain stem and forebrain. It remains to be proven exactly what influence(s) they exert over any behavioral, neuroendocrine, or autonomic functions, although a few possibilities are suggested by the known functions of their efferent target sites and by the behavioral changes associated with elevated aldosterone.
The most obvious hypothesis, that these neurons stimulate sodium appetite, follows from a number of findings (for review see Ref. 62). 1) Mineralocorticoids selectively boost salt intake, and the HSD2 neurons in the NTS are the only definitively identified aldosterone target cells in the brain. 2) Their activity pattern appears to match the appearance and disappearance of sodium appetite; they are the only identified neurons with this property: activation specifically in association with sodium deprivation and then inactivation once salt is ingested (54, 58, 60, 61) . 3) Most of the brain sites connected to the HSD2 neurons have been implicated in the stimulation or inhibition of sodium appetite (56, 57, 61; for review see Refs. 62 and 155). Despite a great deal of circumstantial evidence, however, firm conclusions await future experiments because of the anatomic complexity of this subregion of the NTS. This relatively small group of aldosterone-sensitive neurons is closely surrounded by a much larger population of neurons with the opposite pattern of activation (61), making traditional lesion or stimulation experiments in this region difficult to interpret. Nevertheless, the existence and characteristics of these neurons could help explain the paradoxical increases in salt intake in rats after systemic inhibition of HSD2 (31) and in a human with impaired HSD2 function (89) , despite the concurrent sodium retention in each case, which should otherwise inhibit salt intake.
Whether or not the HSD2 neurons increase sodium appetite, they may help generate the negative affective state associated with sodium deprivation and elevated aldosterone production. In rats, hedonic behaviors, such as sucrose ingestion and rewarding self-brain stimulation, are blunted by sodium depletion or chronic mineralocorticoid administration (77, 124) . Humans, similarly, report pronounced gustatory anhedonia during chronic sodium deprivation (119) . In rats, chronic systemic infusions of aldosterone increase anxiety-like behavior (82) and, in humans, cause a state of "malaise" in that lacks any apparent physiological basis (11) . Primary aldosteronism is linked to an elevated rate of generalized anxiety disorder (160) , and depressive symptoms, the presenting complaint for some patients with hyperaldosteronism, may remit after spironolactone treatment or unilateral adrenalectomy (101, 117) . Elevated aldosterone production, particularly at night, has been identified in association with depression (43, 125) .
In light of these findings, it may be worth noting that the HSD2 neurons represent a major input to the ventrolateral bed nucleus of the stria terminalis (BSTvl) (158), a key control point for generating negative affective states in a variety of experimental paradigms (32, 35, 153, 178) . For example, BSTvl noradrenergic input from the A2 neurons in the NTS is responsible for the avoidant behaviors associated with opiate withdrawal (35, 178) . The exclusively inhibitory neurons in the BSTvl represent the most concentrated source of input in the entire brain to the subgroup of wake-and activity-promoting neurons in the lateral hypothalamic area (LHA), which produce the neuropeptide orexin (189) , suggesting a disynaptic route by which aldosterone, acting on the HSD2 neurons, may influence behavioral arousal.
As mentioned above, the HSD2 neurons do not appear to provide output connections to parts of the nervous system that directly increase blood pressure. The primary roles of neurons in most of their target sites are related to behavioral functions, not autonomic control. Some of their target sites do, however, exert parallel influences over various autonomic functions. For example, stimulating neurons in the BSTvl, or in a caudal region of the LHA that receives moderate input from the HSD2 neurons (57), produces a robust depressor response (25, 26) . Part of the BSTvl depressor response may result from their direct inhibition of LHA orexin neurons, which provide sympathoexcitatory drive to autonomic sites in the brain stem and spinal cord (63, 100) . Similarly, pressor or depressor responses can be elicited by stimulating various subregions of the pontine parabrachial region (22, 80) , which could include the subnuclei targeted by HSD2 neurons in the NTS (Fig. 10) . Stimulation of various subregions of the central nucleus of the amygdala, the lateral subdivision of which may receive parabrachial-relayed input from HSD2 neurons in the NTS (56) , can produce gastrointestinal and cardiovascular (pressor and depressor) autonomic responses. Thus it is possible that the HSD2 neurons influence blood pressure and other autonomic variables indirectly, in parallel with behavioral changes, because of the strong links from brain regions that influence hedonic behaviors to brain stem and hypothalamic circuits that regulate autonomic functions. Nonetheless, on the basis of available neuroanatomic data, cardiovascular control does not appear to be the primary function of the HSD2 neurons. By extension, cardiovascular control may not be the primary role of aldosterone action in the brain, inasmuch as these are the only identified cells in the CNS for which there is definitive evidence of sensitivity to physiological levels of circulating aldosterone.
In summary, the aldosterone sensitivity, activational profile, and input-output connections of HSD2 neurons in the NTS suggest a number of potential functions related to sodium appetite, mood, and arousal. The process of characterizing these cells and the networks to which they are connected is in its infancy, but several intriguing possibilities have arisen. It is hoped that the next several years will yield exciting developments in our understanding of aldosterone-sensitive brain circuits.
OTHER BRAIN SITES WITH PURPORTED ALDOSTERONE SENSITIVITY
HSD2 expression outside the NTS. Using a variety of immunohistochemical methods, we have searched the entire CNS for other sites of HSD2 expression in adult rats under a variety of physiological conditions. Outside the NTS, we detected labeling for this enzyme in only three sites: 1) a handful of neurons just rostral to the NTS, scattered along the fourth ventricular border in the medial vestibular nucleus, 2) the subcommissural organ (SCO), and 3) a caudal ventrolateral subdivision of the ventromedial nucleus of the hypothalamus (VMHvl). This pattern of HSD2 protein localization corresponds exactly with the distribution of HSD2 mRNA reported in rat brain by Roland et al. (compare Fig. 12 with Fig. 4 ) (150) . In mice, HSD2 mRNA in the adult brain has been reported only in the NTS (84) .
In HSD2-expressing cells outside the NTS, elevated immunoreactivity for MR protein was not evident, even in aldosterone-infused or sodium-deprived rats, beyond reticular cytoplasmic labeling produced with the Kawata MR antiserum, which is found in virtually every neuron in the brain (Figs. 5D  and 7 ) and does not translocate into the nucleus in response to aldosterone or corticosterone treatment (54, 55) . In a previous in situ hybridization study (9) , the presence of MR mRNA was not reported in the SCO or VMHvl, so it remains unclear whether this pattern of immunoreactivity represents widespread, low-abundance MR expression or simply off-target cross-reactivity with this polyclonal antiserum. There is no evidence excluding the possibility that cells in one or more HSD2-expressing sites outside the NTS express functional MR, but on the basis of existing data, cells at these sites are at least qualitatively different from the HSD2 neurons in the NTS in terms of the amount of MR and/or its accessibility to circulating aldosterone. Similarly, HSD2-expressing cells in these other sites do not exhibit c-Fos labeling under conditions that produced robust activation in the NTS group (54) .
Among these other sites, the sparse HSD2-expressing neurons near the medial vestibular nucleus were too few in number for systematic analysis (0 -2 per section, scattered along a short expanse of the rostral medulla) (55, 150) . Because of their morphology and location adjacent to the fourth ventricle, these neurons may be anatomic outliers related to the primary group of HSD2 neurons located nearby in the NTS.
The SCO, on the other hand, represents perhaps the most concentrated site of HSD2 expression in the adult rat brain (55, 148, 150) . Its tightly packed columnar ependymal (nonneuronal) cells lie in the roof of the cerebral aqueduct beneath the posterior commissure. They secrete a glycoprotein thread that extends throughout the caudal ventricular system, known as Reissner's fiber. The SCO appears to degenerate in humans shortly after birth, but it may be important for facilitating the laminar flow of cerebrospinal fluid (CSF) through the cerebral aqueduct and has been implicated in the pathogenesis of congenital hydrocephalus (142) . Its access to circulating aldosterone may be rather limited, because, unlike the brain's other circumventricular organs, it is protected by an intact BBB without fenestrated capillaries (40, 180) . Exclusion of circulating aldosterone by the BBB may explain why we did not observe nuclear MR translocation here, in contrast to the NTS (54), despite the fact that cytoplasmic MR immunoreactivity appears increased in the SCO relative to other ventricular ependymal cells (J. C. Geerling, unpublished observations). Alternatively, the SCO could gain access to aldosterone via the CSF, where the aldosterone concentration may more closely approximate blood levels (96), possibly because of the absence of the mdr1 transporter from the blood-CSF barrier in the vasculature and epithelium of the choroid plexus (24, 161) . Interestingly, long before the discovery of HSD2, the rat SCO was implicated in regulation of aldosterone production (134) and sodium excretion (39) , but the physiological relevance of these findings is unclear.
The caudal VMHvl contains a small cluster of neurons that exhibit a weak HSD2 mRNA hybridization signal and scant immunoreactivity that is much less intense than that in the NTS and SCO (compare Figs. 4C and 12B with Figs. 3 and 4, A and  B, and Fig. 5, A-C) (55, 150) . The morphology of these cells is similar to that of HSD2 neurons in the NTS, and their distribution overlaps a comparable region with a compromised BBB (adjacent to the median eminence and arcuate nucleus) (16) . This location may permit increased accessibility to circulating aldosterone, although we did not observe MR nuclear translocation in response to aldosterone infusion or sodium deprivation, and only weak cytoplasmic labeling for the MR was found in this region, similar to neurons throughout the rest of the brain (55) . The VMHvl appears to be involved in reproductive behavior; many neurons in the VMHvl are notable for their strong estrogen receptor expression (141), activation during female sexual behavior (30) , and axonal projections to the dorsal periaqueductal gray matter (21) . The role of HSD2 in the VMHvl remains unknown.
Transient expression of HSD2 in the developing brain. In embryos, even before the onset of MR expression, HSD2 can be found in many additional brain sites. Most of this HSD2 expression disappears around the time of birth (18, 37, 148) . In the developing cerebellum of mice and rats, HSD2 expression persists for 1 or 2 wk after birth, protecting the normal proliferation of granule cell precursors from the growth inhibition and apoptotic effects of glucocorticoid exposure (84, 130) . This GR-shielding mechanism may be similarly important for the normal development of other brain regions that exhibit transient HSD2 expression (154) .
The transitory nature of HSD2 expression in many parts of the brain became a source of confusion recently in the anatomic characterization of a transgenic mouse engineered to express Cre recombinase under the control of the HSD2 promoter (59, 127) . In HSD2-Cre mice crossed with a lacZ reporter strain, X-gal staining was used to visualize cells producing ␤-galactosidase (indicative of Cre-mediated recombination, either ongoing or earlier in their developmental lineage). In the brain, positive staining was observed in a large number of unexpected sites, including the pontine nuclei, superior colliculus, "hypothalamic region," and "thalamic nuclei" (see Table 1 of Ref. 127). In the kidney, X-gal labeling was found in cells that contained HSD2 immunoreactivity, yet no such confirmatory data were provided for the brain.
A major problem with this approach is that Cre expression at any point in the developmental history of an animal results in irreversible recombination, permanently marking that cell and all its mitotic progeny (41) . Although not emphasized explicitly by these investigators (but see Ref. 59) , in these animals most transgene-reporter expression in the brain probably resulted from short-lived expression of HSD2 during embryogenesis.
Nonetheless, this anatomic study provides an interesting, retrospective point of view by revealing all postmitotic cells derived from any lineage that ever expressed HSD2. For example, most of the X-gal-positive sites in the brain stem and cerebellum shared a common origin, the math1/atoh1-expressing subset of cells in the rhombic lip (176) , which suggests an important protective role for HSD2 in the development of brain stem and cerebellar neurons derived from this rhombencephalic lineage. However, in the absence of evidence for actual gene or protein expression in adult animals, these data should not be misinterpreted as evidence for a pattern of HSD2 in the adult brain beyond that supported by existing data (55, 148, 150) .
Paraventricular nucleus of the hypothalamus. Another proposed target site for aldosterone is the paraventricular nucleus of the hypothalamus (PVH). This brain region provides direct axonal projections to a variety of viscerosensory and autonomic motor nuclei in the brain stem and spinal cord (114) and plays a well-established role in maladaptive autonomic and neuroendocrine responses during certain pathophysiological states such as heart failure (192) . The PVH exhibits a weak hybridization signal for MR mRNA (174, but see Ref. 9 ) and immunohistochemical labeling for MR protein (81) , consistent with our own unpublished observations, but no HSD2 mRNA or protein could be detected by in situ hybridization (37, 148, 150) or immunohistochemistry (55) .
The presence of HSD2 mRNA in the PVN was reported after RT-PCR amplification showed a 2.6-fold higher level of expression in tissue micropunches from this region than in tissue from the cerebral cortex (193) . Unfortunately, no comparison was made with positive control tissues such as the kidney or brain sites with established HSD2 expression (NTS, SCO, and VMHvl), so the significance of this level of gene expression remains unclear. Also, HSD2 expression in the PVN cannot be detected using the most sensitive anatomic methods (37, 55, 148, 150) , so it remains unknown which cell type(s) in the PVN produces HSD2 mRNA (possibilities include astrocytes, neurons, vascular smooth muscle cells, endothelial cells, ependymal cells, tanycytes, and microglia).
Nonetheless, pharmacological data have been advanced to support the possibility of functional HSD2 in the PVH. Building on the previous finding that blood pressure can be elevated by central infusion of glycyrrhizic acid (a nonspecific HSD inhibitor found in liquorice) or its synthetic derivative carbenoxolone (74), Zhang and colleagues (193) found acute (onset Ͻ10 min) increases in sympathetic outflow and PVH neuronal activity after intracerebroventricular administration of these compounds (193) .
In the experiments of Zhang et al. (193) , the concentrations of carbenoxolone and glycyrrhizic acid injected into the brain (13-35 and 10 mM, respectively) were more than three orders of magnitude higher than the concentrations necessary for inhibiting HSD2 and may directly activate MR (7, 8) and block local steroid metabolism (110) . The effects of aldosterone or any other MR agonist were not tested, and experimental data from adrenalectomized control animals were not provided, so it remains unclear whether the rapid responses (onset Ͻ10 min) produced by these two compounds represent off-target drug effects or acute, nontranscriptional effects of MR activation by endogenous corticosteroids, as suggested by Zhang et al. In support of their conclusion, the response to ventricular administration of carbenoxolone was blocked by pretreatment with spironolactone, an MR antagonist (193) . Testing the effects of aldosterone (the endogenous agonist proposed to stimulate HSD2-protected MR in the PVH under physiological conditions) and verifying the specificity of centrally infused HSD inhibitors in HSD2-knockout mice (12, 103) would be highly useful for establishing the physiological significance of these pharmacological findings.
Aldosterone synthesis inside the brain. At least a marginal level of gene expression for most steroid synthetic enzymes has been detected using RT-PCR amplification of mRNA in tissue from various regions of the brain (67, 68, 115, 116, 190) . The low-level expression of some of these enzymes may be regulated in the brain with some semblance to their counterparts in the adrenal gland (185, 186) . Much of the brain's steroid synthetic machinery is geared toward producing GABA receptor-modulatory neurosteroids (147) , but minute fractions of corticosterone and aldosterone have been produced in vitro by incubation of brain tissue or cultured hippocampal neurons with their synthetic precursor deoxycorticosterone (67, 68) , which is a much less polar steroid (n ϭ 3, compare with others in Fig. 1 ) and freely penetrates the BBB (105) . These findings suggest the possibility that the brain contains a paracrine system for aldosterone production, thereby curtailing its limited BBB penetration and, potentially, even overcoming the competition barrier presented by the 1,000-fold higher circulating glucocorticoid concentrations. The production of aldosterone in physiologically relevant quantities (exceeding the BBB-penetrant fraction of adrenal-derived aldosterone) would have profound implications for MR signaling in the brain, but a number of considerations have tempered enthusiasm for this provocative possibility.
First, the expression levels of most steroid synthetic enzymes are much lower in the brain than in the adrenal gland. This is particularly true for aldosterone synthase, the ratelimiting control point for aldosterone production in the adrenal cortex, where it is expressed at a Ͼ1,000-fold higher level (186, 190) . Second, in contrast to the adrenal cortex, there is no consistent evidence for an anatomic distribution of cells that produce aldosterone synthase in the brain. To our knowledge, mRNA for this enzyme has not been found in the brain by in situ hybridization, and an attempt to localize this enzyme by immunohistochemical staining resulted in a labeling pattern inconsistent with RT-PCR results from the same study (115) . Third, there are major species differences in aldosterone synthase expression in the brain. One group found evidence for expression in rat, but not mouse, brain (165), and a more recent report failed to identify expression anywhere in the human brain (116) . Fourth, and perhaps most importantly, the small amount of aldosterone detected in the brains of adrenal-intact animals rises and falls in direct proportion to plasma aldosterone, and little or no aldosterone can be detected in the brain after adrenalectomy (71, 191) . The low-picogram quantity of aldosterone remaining in the brains of some adrenalectomized animals (possibly representing tissuebound, adrenal-derived aldosterone) decreases more than fivefold between postoperative days 2 and 7, and in contrast to earlier in vitro results, the provision of BBB-penetrant synthetic precursors (deoxycorticosterone or corticosterone) does not alter its abundance (71) . These findings do not eliminate the possibility that a relevant amount of aldosterone is produced and rapidly cleared somewhere in the brain, in one or more extremely restricted sites, although this theory would seem difficult to reconcile with the widespread, minimal expression of rat aldosterone synthase found by RT-PCR and the lack of any evidence for a more concentrated site of expression with use of anatomic techniques.
Consistent with the possibility of physiologically relevant synthesis of aldosterone within the brain, however, the saltinduced hypertension of Dahl rats was prevented by intracerebroventricular infusion of trilostane, which inhibits 3␤-HSD (3 synthetic steps upstream of aldosterone synthase) (75) , or by certain doses of 19-ethynyldeoxycorticosterone, which inhibits aldosterone synthase (67) . Also, central infusion of FAD286 (a relatively uncharacterized, benzonitrile-containing compound that reduces adrenal aldosterone production) (45) somehow attenuated the hypertension and sympathetic activation produced by direct infusion of hypertonic saline into the CSF (88) .
As with aldosterone in the PVH, conclusions in this area are built largely on a foundation of RT-PCR and pharmacological data and would benefit greatly from more definitive hypothesis-testing experiments. For example, the specificity of the aforementioned drug effects could be tested in knockout mice that lack aldosterone synthase (111) .
Where in the brain does the activation of MR increase blood pressure? Despite the abundance of evidence that aldosterone increases blood pressure when infused directly into the brain, the relevance of this mechanism to cardiovascular control under physiological or even pathophysiological conditions remains uncertain. In addition to the inconvenient facts highlighted above, i.e., the poor BBB penetration of aldosterone, its uphill battle for MR in cells without HSD2, and the lack of HSD2 expression in hypothalamic sites with presumed aldosterone sensitivity in previous studies, a number of experimental findings suggest that the physiological significance of aldosterone's central pressor effect may have been overestimated.
For example, a concurrent central infusion of an equivalent dose of corticosterone diminishes the central pressor effect of aldosterone (76) . This important finding suggests that the cells mediating this pressor effect express MR, but not HSD2, allowing corticosterone to block aldosterone from binding MR. In such cells, no physiologically relevant quantity of aldosterone could outcompete the much higher concentrations of circulating corticosterone, which more readily penetrates the BBB (Fig. 1) . Unfortunately, studies demonstrating a pressor effect for aldosterone typically have not measured the central concentrations produced by intracerebroventricular infusion of aldosterone and corticosterone.
Also unmeasured in most of these studies were changes in the CSF electrolyte composition. Aldosterone and deoxycorticosterone decrease the CSF potassium and increase CSF sodium concentration (10, 102, 140) , whereas spironolactone reduces CSF sodium concentration (33) . These ionic changes are significant, because increasing CSF sodium concentration independently produces hypertension (19, 86, 87, 99) , at least in part by stimulating osmo-and sodium-sensory neurons in the AV3V region of the hypothalamus (133) , an effect that can be blocked by central infusion of benzamil, a sodium channel blocker (1) . Conversely, restoration of CSF potassium by intracerebroventricular infusion attenuates the pressor effects of chronic mineralocorticoid treatment (102) . Thus an altered ionic permeability of one or more central epithelia may play a major role in the central MR pressor effect. Multiple fluid interfaces in the brain remain relatively unexplored in this regard. These include the choroid plexus, through which blood plasma is filtered to form the CSF; the arachnoid granulations, where CSF is reabsorbed into the blood; the ventricular ependyma and pia, which separate the brain parenchyma from the CSF; and the entire capillary vascular endothelium, which is a key structural component of the BBB.
The only identified neurons with definitive sensitivity to physiological levels of circulating aldosterone (the HSD2 neurons in the NTS) do not seem likely to increase blood pressure in response to aldosterone. Available neuroanatomic evidence regarding the output connections of these neurons is not consistent with a major pressor role (if anything, they innervate primarily depressor sites) (25, 26, 57) . Furthermore, the sensitivity of blood pressure to a central MR antagonist remains unchanged after vastly different dietary sodium regimens (8%, 0.4%, and 0% sodium for 3 wk) (143) that strongly influence aldosterone production and HSD2 neuron activation (50, 54) . This finding suggests that aldosterone action in HSD2-expressing cells may not be involved, because any MR-mediated changes in these cells should be far more sensitive to receptor blockade when endogenous aldosterone production is maximal (the low-sodium condition).
On the other hand, the MR-dependent pressor effect of pharmacological HSD antagonists seems consistent with a pressor role for these neurons (74, 193) . Blood pressure remains well compensated during a condition that potently activates HSD2 neurons in the NTS (sodium deprivation) (119) , and one study even found an increase in blood pressure after chronic sodium deprivation in weanling rats (179) . Thus HSD2 neurons in the NTS could somehow contribute to the compensatory support of blood pressure during hypovolemia via asyet-undiscovered pathways.
A more relevant issue than whether aldosterone is involved is determination of the cells and mechanism(s) responsible for the pressor effects of central MR activation. Previous proposals were derived more from knowledge about the autonomic involvement of various brain sites than from any specific evidence for their aldosterone sensitivity (70, 107, 193) . Nonetheless, ideas regarding the MR in the AV3V and forebrain circumventricular organs remain tenable, even if aldosterone is not the physiological agonist. Also, the finding that pressor and depressor responses to MR activation and inhibition appear primarily in combination with a psychological stressor (restraint) (34, 171) suggests the intriguing possibility that glucocorticoids decrease the activational threshold of MR-expressing neurons at limbic sites, such as the hippocampus, amygdala, and hypothalamus (9), which in turn drive coordinated behavioral and autonomic responses to stress.
In summary, various MR agonists, MR antagonists, and HSD antagonists clearly influence blood pressure when they are infused directly into the brain. A number of findings suggest that aldosterone itself, at physiological concentrations, may not directly influence the central control of blood pressure. The central sites and mechanisms of MR-mediated pressor responses remain poorly understood.
CONCLUSIONS
The HSD2 neurons of the NTS are the only cells in the CNS for which there is definitive evidence of physiological aldosterone sensitivity. The exact role of the aldosterone-MR interaction in modulating the neuronal activity of these cells remains unknown. These neurons integrate hormonal and neural information from a wide variety of sources and produce an unprecedented output signal that is selectively associated with systemic sodium deficiency. They deliver this output signal to other brain sites involved in behavioral functions, including appetite, mood, and arousal. Other potential sites and mechanisms for mineralocorticoid action in the CNS, as well as alternative functions for HSD2 in a handful of sites outside the NTS, remain active areas of investigation. Nonetheless, the aldosterone-sensitive HSD2 neurons in the NTS remain the only cells in the brain with demonstrated in vivo sensitivity to physiologically relevant concentrations of circulating aldosterone and the only phenotypically identified neurons known to be activated selectively in association with physiological sodium deficiency.
